From earlier surveys conducted by soviet researchers, the Kabul area was identified as a region of high natural radioactivity. In addition, depleted uranium ammunition was used by the Soviet armed forces. Fragmentary maps (often only given in relative units) indicate regions of anomalously elevated gamma radiation dose rates. In recent years, residential houses have been built in some of these places. However, no detailed information of uranium and thorium distributions in the upper soil and rock exists. In order to assess possible radiological risk, soil and rock samples as well as all-purpose water samples were collected and measured with regard to radioisotope content and contamination by other pollutants such as, e.g., heavy metals. Activity concentrations in soil and rocks ranged between 160 to 28,600 Bq/kg, 73 to 383,000 Bq/kg, and 270 to 24,600 Bq/kg for uranium, thorium, and potassium, respectively. The elevated thorium abundances was traced back to incorporation into cheralite minerals. No anomalies of the radioactive equilibria were found in the decay chains. Hence, contributions of depleted uranium or other anthropogenic sources can be excluded. However, the high uranium content causes enhanced radon levels in houses and dwellings up to mean activity concentrations of 2000 Bq/m 3 strongly exceeding the reference level of 300 Bq/m 3 recommended by the ICRP. Heavy metal concentrations of some of the investigated waters also exceed the regulatory limits and are not safe for drinking. Dose assessments are given.
Introduction
The level of radioactivity from Naturally Occurring Radioactive Material (NORM) depends on geological conditions and geographical locations [1] . NORM may be present in water, food, soil, rocks, concrete, and other building materials in considerable amounts. As ground water passes through rocks and soils, it takes up mineral compounds and amongst them radioactive substances due to leaching or alpha recoil [2] . Further sources of radioactivity in nature are technically enhanced natural occurring radioactive material, mineral extraction facilities, extensive use of phosphorus rich fertilizers in agriculture [3] , releases from installations of the nuclear fuel cycle, use and tests of nuclear weapons, and fallout from nuclear accidents [4] .
A Soviet geological survey team conducted measurements of natural activity levels in the city and suburbs of Kabul between 1981 and 1985. Gamma dose rates of up to 30 lSv/h were reported using a SANTALIA SONY Pn-68-1 scintillator in the northern parts of Kabul [5] which is very high compared to the world average of 0.075 lSv/h Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10967-018-6242-1) contains supplementary material, which is available to authorized users. [6] . Since then, residential houses have been built in these areas. New buildings constructed with foreign aid during the last decade have also been poorly regulated [7] . Some parts of the high dose rate areas were utilized for rock exploitation, which might have caused health risks for residents and workers [8] .
Meanwhile, anomalous 234 U, 235 U, 236 U, and 238 U isotope ratios were reported in urine of Kabul and Nangarhar residents by the Uranium Medical Research Center [9] . In his conclusion, Durakovic claims that his finding originate in the use of CBRN (chemical, biological, radiological, nuclear) weapons. Lack of detailed geological information about the area as well as the loss of existing study files render it difficult to assess, whether the sparse available information is reliable or claims on use of isotopically modified weapons in this area can be trusted. The most significant incorporation pathway is intake by use of potentials contaminated drinking water. Naturally, radionuclides might enter ground water through leaching or alpha recoil. Anthropogenic sources are direct discharge of liquid waste into rivers and streams or waste disposal on the land surface followed by weathering and transport by rainwater [10] . As one of the fast growing cities in south Asia, Kabul has no well-regulated water supply, sewage and sanitation systems in place. Thus, it is important to determine the concentration of potentially harmful elements in different sources of drinking water [11] .
To verify the existing information and claims, the Afghan Atomic Energy High Commission (AAEHC) in collaboration with the Afghan Geology Survey (AGS), Afghanistan Urban Water Supply and Sewerage Corporation (AUWSSC) launched a sample collection campaign, which yielded 51 rock and soil samples as well as 51 water samples from Kabul and suburbs. The samples were shipped to the Institute for Radioecology and Radiation Protection (IRS) of the Leibniz University Hannover for further analysis.
Materials and methods
The material and methodology for rock/soil and water samples will be discussed separately here.
Rocks and soil sampling locations
One soil and fifty rock samples were collected in three phases between January 2014 and October 2015. The sampling sites (each covering an area of around 100 m 2 ) are shown in Fig. 1 .
Due to the presence of residential houses built on the radiation emitting rocks, some of the planned sampling sites could not be accessed. The ambient dose rates of these sites were monitored by a RadEye Personal Radiation Detector (PRD) 100 cm above ground. Rock samples had a weight of about 100 g each. Detailed information on the samples (GPS coordinates, local names, mass, background count rate etc.) are given in Table 1 of the supplementary information file.
Water sampling locations
The study covers an area of about 600 km 2 of Kabul and some of its districts. Attention was paid to collecting the samples from relatively diverse geology in and around Kabul. Samples comprise ground water as well as surface waters, being collected from city water supply taps, kitchen taps, confined and unconfined wells, streams, hand pumps, and bottled water (Fig. 2) .
51 water samples were collected in three different phases between February 2014 and October 2015. The 8 samples from Kabul city water supply network were taken with the help of AUWSSC, who requested to include, besides uranium, the measurements of the non-radioactive metals zinc, arsenic, nickel, lead, manganese, copper, chromium, barium, aluminum, sodium, magnesium, and calcium. The remaining samples from kitchen taps, confined and unconfined wells, streams, hand pumps, and bottled water were probed only for uranium, thorium, and radium. Samples of 50-100 mL were collected and bottled in sterilized plastic tubes. The sites were chosen based on availability and diversity of the sources. Details about samples sources, locations and conditions is given in supplementary information Table 2 .
Sample treatment and measurements

Gamma spectrometry
Solid samples were smashed, milled, sealed gas-tight in Marinelli beakers, and stored for 1 month to attain radioactive equilibrium of the decay chains. All samples were measured by four High Purity Germanium (HPGe) gamma ray spectrometry systems of Ortec with resolutions between 1.76 and 1.83 keV for the 1.33 MeV photo peak of 60 Co. Data were collected in time intervals ranging from 24 to 98 h for different samples. FitzPeaks and QtiPlot software were used for offline analysis of the collected data and fitting of the calibration line distribution, respectively.
For a sufficiently old, undisturbed system, all members of a decay chain should be in secular radioactive equilibrium. This also holds for the three natural chains of 238 U, 235 U and 232 Th. For a system not in total equilibrium, at least short lived daughter nuclides might be used, as they are fully grown in after approx. 7 half-lives of the daughter. K activity concentration. During activity calculation, the background counts were subtracted from the gross counts and the following formula was used to calculate the specific activity:
where a is specific activity of the element, k s is a nuclide dependent dimensionless correction factor, r n is the net count, m is the mass of the material, e is the efficiency, q c is the emission probability of a certain isotope, and x is the calibration factor. The uncertainty of the activity is calculated according to [13] .
Alpha spectroscopy
One soil and seven rock samples (F1R4, F1S, F2R1, F2R2, F2R9, F3R1, F3R4 and F3R20) have been investigated by alpha spectroscopy, where F, R and S denominate phase, rock, and soil, respectively. The beforehand powdered rock and soil samples were microwave pressure digested with nitric and hydrofluoric acid at a maximum temperature of 220°C and a maximum pressure of 120 bar. Uranium and thorium were separated by solid-phase extraction using UTEVA-cartridges [14] . Following the established separation procedure [15] , uranium and thorium were electrodeposited separately onto stainless steel planchets using the method described in the Eichrom working instruction [16] . Alpha-spectrometry measurements of the samples were performed using a Model 7200 Alpha Analyst Integrated Alpha Spectrometer equipped with PIPS-detectors.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
A small amount of the powdered soil sample from the first phase of sampling was pressed on a thin indium foil and covered with an alpha track detector (CN-85, Kodak). After 33 days of exposure, the detector was etched with 10% NaOH at 60°C for 20 min and rinsed with distilled H 2 O. The analysis of the detector with an optical microscope (Eclipse LV-DAF, Nikon) shows thousands of heterogeneously distributed spots per square centimeter, produced by alpha radiation emitting particles.
A part of the sample, on which many particles were located, was cut out and analyzed with a time-of-flight secondary ion mass spectrometer (TOF-SIMS 5, ION-TOF GmbH).
Micro X-ray fluorescence spectroscopy (l-XRF)
A total of 15 samples (sample number 1-5 from each of the three sampling phases) were analyzed using l-XRF. An Eagle l-Probe II with Rh-target and Si(Li)-detector was used, adjusted to a spot diameter of 50 lm, 40 keV voltage, and vacuum conditions for all analyses. Three spot measurements were performed for each sample using 210-370 mA current, 100 s measurement time, and 17 ls amplifier shaping time. The elemental mappings enabled the visualization of particle distributions e.g., for K, Ca, Fe, and Ti. However, the localization of uraniferous particles was not possible with the mentioned parameters. Using long measurement periods per spot, only uranium, thorium, and radium background signals with an average maximum intensity of 10 cps were obtained. Uraniferous particles can possibly be located using optimized measurement periods (long enough to obtain a uranium signal and short enough to eliminate a uranium background signal) and smaller spot distances. Additionally, for two samples elemental mappings were generated by l-XRF to locate uraniferous particles (current: 230-320 mA; amplitude time: 10 ls; matrix: 64 9 50; 128 9 100; measurement time per spot: 2000 ms, 5000 ms; spot distance: 42-73 lm). Sixteen elements were mapped simultaneously (MgK, AlK, SiK, RhL, PdL, K, CaK, TiK, CrK, MnK, FeK, CoK, CuK, RaL, ThL, UL).
Powder X-ray diffraction (PXRD)
Based on l-XRF information, a total of 15 samples (sample number 1-5 from each of the three sampling phases) were analyzed by PXRD to identify the mineralogical composition of the samples. The measurements were performed using a Rigaku MiniFlex 600 diffractometer equipped with a Cu Ka radiation (k = 1.54056 Å , 40 kV/15 mA operation) X-ray source and a D/Tex Ultra Si strip detector with a standard detection mode.
The samples were grinded prior to the measurements, and the samples (approximately 100 mg) were placed on a zero-background Si sample holder of 10.0 mm diameter and 0.2 mm depth. In order to minimize the effect of ''preferred orientation'' on the acquired diffractograms, the sample holder was constantly rotated horizontally during the measurement. The samples were analyzed under ambient conditions; diffractograms were recorded from 5°t o 80°with 0.02°step size.
Background was subtracted from the raw PXRD data and peaks were deconvoluted in case of interferences with the software PDXL 2 (Version 2.6.1.2) from Rigaku. Based on the element composition obtained by l-XRF measurements, phase identification analysis was carried out using the same software combined with the database PDF-4 ? 2016 (ICDD).
Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX)
A pre-powdered homogenous soil sample was fixed on the sample holder using carbon tape, introduced into the instrument and the instrument was evacuated. First, the back-sacttered-electrons (BSE) image was taken to identify the heavy element holding particles. Then a rectangular area of the particle in the sample was measured with the EDX and the graph was evaluated with the help of the software. The image and the graph were taken by a Philips XL30 ESEM with a field emission electron soured and a silicon drift detector for EDX. The operational voltage was set to 25 kV.
Liquid samples analysis
All water samples were analyzed by gamma spectroscopy. Gamma measurements were performed in time intervals ranging from 24 to 98 h. The empty bottles were also measured with identical conditions for background subtraction. The detector energy efficiency was calibrated using a mixed radionuclide standard QCY 48 (Eckert & Ziegler Nuclitec GmbH) and 210 Pb as a reference source. The water samples of the first sampling phase were measured without pretreatment. No activity exceeding detection limit was observed. On these samples, ICP-OES and ICP-MS systems were utilized for element identification. Samples were rebottled in 50 ml plastic beakers; a multi standard calibration method with different dilution factors for better accuracy was performed. Zn, As, Ni, Pb, Mn, Cu, Cr, Ba, Al, and U were measured by ICP-MS, whereas Na, Ca, Fe, K, and Pb were measured by ICP-OES. Uranium, thorium, lead, and radium were measured by ICP-MS with detection limits of 2, 1, 5, and 1 ppt, respectively.
The waters of the second phase were investigated for U, Ra, Th, and Pb by ICP-MS. Due to the potentially enhanced pollutant concentrations, samples were filtered prior to the measurements, rebottled in 50 mL plastic cylinders, and a multi standard calibration was performed. Standards were prepared with nitric acid with a concentration of 2%. If necessary, samples were diluted with Milli-Q water to match the calibration range.
The samples of the third phase were measured with focus on heavy radionuclides namely U, Ra, Th, and Pb using the same ICP-MS device. As in phase two, all samples were filtered and diluted if necessary. For samples number 1, 2, 3, 4, 5, 6, 19, 20, 21, 22, and 23 the absence of radium was confirmed by additional measurements by LSC using pulse height discrimination.
Results and discussions
Rock and soil samples
All soil samples were measured by gamma spectroscopy. Long lived or non-gamma emitting nuclides concentrations were determined from short lived daughters as described in the technical section gamma spectroscopy. In those cases where strong line interferences occurred, 238 U, 235 U, and 232 Th concentrations were re-measured by alpha spectroscopy. Considerable amounts of 238 U, 235 U, and 232 Th were detected in samples from the first and second phase, whereas in those of the third phase only one 238 U series daughter, namely 226 Ra, was detected. A combined average activity concentration of all three phases is shown in Figure 4 of the supplementary information.
The maximum and minimum activity concentrations of the samples from all three phases are shown in Table 1 .
All investigated samples show a clear excess of thorium over uranium, with the thorium activity being 1.7-20.5 times higher than the uranium activities. Alpha spectrometry corroborates these results. Both, 234 U/ 238 U and 235 U/ 238 U isotope ratios are consistent with the natural isotope composition of uranium.
The majority of the samples show compliant activities for 238 U and 230 Th, confirming the expected secular equilibrium. Those samples showing considerable deviations from the equilibrium in both directions might probably be influenced by surficial weathering of the rocks [18, 19] .
The soil samples measured with SEM in BSE mode revealed many particles containing high-Z elements. Further analyzing these particles by EDX shows that they contain uranium and thorium in significant amounts. The thorium peak is higher than the one of uranium, which can be considered as a further verification of the gamma spectroscopy results. Figure 3 shows the BSE based SEM image and EDX graph of the measured soil sample.
TOF-SIMS analysis confirms high amount of thorium and uranium containing particles in many of the samples. These particles contain U, Th, Y, and O (Fig. 4) . The matrix surrounding the particle contains various elements such as Si, Na, Ca, K, O, Al, and Fe. It could not be shown clearly, whether the sample contains lanthanides as well as P.
The 235 U/ 238 U isotopic ratio of this particle as determined by SIMS is n n;235 n n;238 ¼ 0:00755 AE 0:00028 with the uncertainty calculated according to [13] . Though slightly above the published natural ratio of 0.007204 [20] no indication of anthropogenic sources should be inferred, particularly no admixture of DU ammunition, which should lower the observed ratio. An exact element quantification by l-XRF was not possible, due to line overlapping and background contents from sample carriers and adhesive pads. Therefore, the results are shown only in supplementary Table 3 .
Powder X-RD confirms that the rock samples from the Kabul area are mainly composed of aluminum silicate minerals, such as albite, mica, and microcline, with minor phases of other silicate and/or phosphate minerals. The thorium detected in very high amounts in some of the samples is primarily present in the form of mixed phosphate silicate minerals containing Ca, RE, and Th (possibly U). All acquired diffractograms are given in Figs. 1, 2 , and 3 of the supplementary information.
Water samples
All samples of the first measurement phase show a rather lower concentration of uranium except for sample number 8, which was taken from an unconfined well and exhibited a concentration in the range of 0.075 ppm. Uranium concentrations in the waters of the later sampling phase ranged between 0.01 and 26.1 ppb. Most of the samples remained well below the provisional guideline value of 30 ppb for uranium in drinking water proposed by WHO and adopted by AUWSSC [21] , however sample number 1 of the third phase came quite close.
Aluminum concentrations of the water samples analyzed varied from 0.03 to 0.23 ppm, where the maximum corresponds to sample number 8 taken from an unconfined well in a village south east of Kabul. The value envisaged by WHO and AUWSSC as a concentration standard for aluminum in drinking water is 0.2 ppm [22] .
The concentrations of zinc ranged from 0.0003 to 0.14 ppm, arsenic from 0.001 to 0.005 ppm, and lead from 1st Max 28,660 ± 1670 10,700 ± 400 540 ± 100 203,000 ± 8000 212,000 ± 6200 15,230 ± 845 Min 1200 ± 112 1300 ± 175 68 ± 7 195 ± 10 273 ± 50 2nd Max 33,500 ± 6600 38,300 ± 7100 3900 ± 600 347,000 ± 28,000 383,000 ± 30,500 24,700 ± 1300 Th if undisturbed 0.001 to 0.0012 ppm, which are all far below the guideline limits by WHO and AUWSSC [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Thorium concentrations in our samples ranged between 2 and 154 ppb (8-610 mBq/l), which is an unusually high concentration level. According to Siehl [17] , typical activity concentrations do not exceed 10 mBq/l in ground and spring water, and remain below 1 mBq/l in sea water.
Radium concentrations remained below the detection limits of the ICP-MS.
The waters sampled in the third phase did not contain any detectable concentrations of thorium and lead (see Table 7 ). Uranium concentrations remained below the WHO guideline value of 30 ppb.
Detailed results of all measurements are given in Table 4 to 8 of the supplementary information.
Conclusions
So far, no systematic radioecological studies of Afghanistan are accessible in the literature. However, the findings of elevated concentrations of uranium and thorium in soil and rock samples are not too surprising. Afghanistan has a very diverse geology: The Kabul geological block contains veins of magmatic granite [26] and granite gneisses rich in radioactive elements, which are present in the mountains surrounding Kabul [27] . Additionally, Afghanistan is listed as promising exploration area for uranium due to being member of a series of granitic rock orogenic belts [28] . Furthermore, thorium bearing monazite minerals are present in the surrounding hills [29] . This high level of natural radioactivity is paralleled by only a few regions in the world, namely beach sands in India and Brazil, and Ramsar in Iran as well as China due to, e.g., thorium in monazite minerals [30] .
Gamma and alpha spectroscopy results show that the thorium concentration is higher than that of uranium, which is verified by PXRD measurements. PXRD also reveals that the presence of considerable amounts of thorium is due to the mineralogical structure of the samples containing cheralite, indicating natural origin without contribution of artificial sources. The same is true for uranium. The isotope ratios do not deviate from those expected from secular equilibrium values of natural uranium. Hence, the hypothesis of contamination by DU ammunition as proposed in [9] cannot be confirmed. Corroborating the results of Durakovic [9] , a strongly enhanced level of uranium in soil is measured in many of our samples, mainly present in the form of small particles. However, since the uranium isotopic ratios do not deviate from the ones expected for natural uranium, we do not support the hypothesis of Durakovic of enhanced uranium levels in urine being a result of military actions in general, and use of DU ammunition in particular. It is to be expected, that uranium concentrations in the urine of the population exceed the world average concentration, since also uranium concentrations in drinking water is higher. However, a 200 fold increase as reported in [9] cannot be explained by the uranium concentrations measured in the present work alone. Nevertheless, for risk assessment uranium needs to be considered. Due to limited use of the land for agriculture, the ingestion pathway other than from drinking water is of little relevance. An external dose from gamma ground radiation, however, might lead to elevated doses in those regions, where the ambient gamma dose rate of 1 lSv/h is exceeded. Keeping in mind the special living habits, higher radon concentration in caves and basements pose the dominant dose contribution as reported in earlier studies [26, 31] . Restrictions on use of caves and basements for human housing is recommended in some locations.
In the water samples uranium concentrations remained below the 30 ppb guideline value proposed by WHO [21] . Radium as a decay product of uranium and thorium dissolves in groundwater in the absence of sulfate. Hence, the occurrence in a uranium rich environment would have been plausible, but no radium was detected by ICP-MS. The geochemical properties of 226 Ra differ from those of 238 U, and hence co-occurrence is not common [32] , because the degrees and chemical conditions of mobilization are different [33] . It might also be possible that radium is absorbed during migration to the sampling site.
Thorium concentration exceeded 100 ppm, which is close to the solubility limit of Th (IV) (aq) at neutral pH. However, these high values are known from waters enriched with humic substances [34] . In the second phase of our study, the concentrations of one sample was as high as 154 ppm (sample number 1). The water source at this location is near a sewage water reservoir, and veinsand leakages from the reservoir to the well are likely. There is less information available on thorium health effects on humans in comparison to uranium, but studies on animals show that ingestion of massive amounts of thorium causes metal poisoning leading to death [35] . The proposed guidance level of thorium in drinking water is 0.1 ppb [34] .
All element concentrations of water samples collected in in the city of Kabul remained below the recommended guideline values, except for sample 8. Thus, it can be concluded that the drinking water supplied by AUWSSC is in good condition concerning its level of hazardous toxic elements. Water sample 8 was collected in a village with agriculture and livestock farming, including use of farmyard manure and chemical fertilizers. Enhanced uranium concentration in the well water may be related to the presence of nitrate deriving from fertilizers, which causes oxidation of uranium, and thus mobilization and leaching to the ground water [36] . Meanwhile uranium from phosphate fertilizers is reported to disturb the ratio of its daughter nuclides [37] . Samples collected in the second phase showed a low concentration of uranium and lead, whereas measurement of thorium resulted in relatively high concentrations in two samples. However, the large uncertainties command care when interpreting these data. In the third phase, all element concentrations remained below the recommended U, Th, Ra, and Pb guideline values. Banks et al. [38] reported U concentrations of 62 ppb from dug wells in Qurgan and Andkhoi in the Faryab province of northern Afghanistan, increasing towards the north of the province. Uranium minerals within igneous or metamorphic rocks (e.g., apatite, zircon), uranium within dark organic sedimentary marine mud rocks and shales and inorganic fertilizers, especially those derived from apatite, are suggested as ultimate sources of uranium [38] .
Due to hot climate in Afghanistan we assumed 3 L of drinking water consumption for an adult per day, exceeding the amount suggested by ICRP by 50%. But even then, the average annual effective dose due to uranium, thorium, and radium intake remains under the recommended dose level by IAEA for the member of the public. Even the conservative assumption of exclusive use of drinking water from sampling site 8 of the first phase or sampling site 1 or 20 of the second phase, which showed the highest radionuclides concentrations, leads to effective doses (ingestion, drinking water path only) of only 0.07 mSv/a, 0.19 mSv/a and 0.03 mSv/a, respectively. However, chemical toxicity of uranium, which might lead to higher health risks than the radioactivity, is not considered in the present work.
